Vol. 58 TAYLOR-MCCABE, SHOU, and HONG-GELLER plasmid, which encodes for surface proteins that enhance the hydrophobicity of the pathogen (Lachica and Zink, 1984) . The plasmid-bearing Y. enterocolitica was able to colonize the gastrointestinal tract of mice, whereas the more hydrophilic plasmid-defi cient mutants were unable to induce infection.
Although hydrophobic interactions have been previously shown to mediate adhesivity, it remains poorly understood how bacterial cell surface hydrophobicity and induction of host cell death are linked to the efficiency of pathogen sample recovery from environmental surfaces. In our previous work, we demonstrated that recovery of virulent Bacillus anthracis Ames spores and Yersinia pestis CO92 strain from more hydrophobic vinyl and plastic surfaces was generally lower compared to collection from the more hydrophilic glass or stainless steel, suggesting that surface hydrophobicity correlates with the strength of pathogen adhesion and decreased collection effi ciency (Hong-Geller et al., 2010) . Interestingly, we also observed that sample collection effi ciency was more substrate-dependent for the virulent strains, B. anthracis Ames and Y. pestis CO92, compared to non-virulent strains, suggesting that virulent strains may differentially express cell surface factors that modulate adhesivity. In this study, we examined the DNA signature extraction effi ciency of a diverse panel of pathogenic B. anthracis strains that represent different phylogenetic groups to assess variability in sample collection effi ciency. We performed Bacillus spore sample collection and detection using Real-time PCR from both soil and non-porous surfaces to determine differences in signature recovery between the different Bacillus strains. We also quantifi ed bacterial hydrophobicity and ability to induce host cell death by vegetative Bacillus strains to correlate strain properties with pathogen recovery and signature extraction. Such knowledge can begin to provide the bioforensics community with an understanding of how to optimize extraction of pathogen signatures from the environment.
Materials and Methods

B. anthracis strains and reagents.
The following seven Bacillus strains used in this study were obtained from in-house collaborators and represent different phylogenetic groups, denoted in parenthesis: K7441 (A1), K5135 (A2), K8215 (A3), K4596 (A4), K2762 (B1), Ames (A3), and the avirulent Sterne pXO1+, pXO2-(A3) (Keim et al., 2000; Zhong et al., 2007) . To prepare spores, Bacillus strains were grown in tryptic soy agar (TSA) plates at 37 C for 10 days and collected off the agar surface with sterile distilled water. Spores were stained with malachite green and examined by microscopy to ensure 95% spore formation. Spores were vortexed, incubated with 1% chloroform at 4 C for 48 h to remove residual vegetative cells, washed 3 times with sterile ultrapure distilled water, collected by centrifugation, and resuspended in PBS. Spores were then quantifi ed by plating serial dilutions on TSA plates. Final spore titer was ~1.4 10 8 spores ml 1 . A working solution of 10 7 spores ml 1 was generated and stored at 4 C. Vegetative Bacillus cells were grown overnight in tryptic soy broth (TSB) at 37 C to mid-log phase, harvested by centrifugation, washed twice with PBS, and resuspended to ~10 8 cells ml 1 for use in the hydrophobicity and host infection assays.
Sample collection of B. anthracis from non-porous surfaces and soil samples. For pathogen deposition, 10 6 Bacillus spores (100 μl volume) were deposited on 5.08cm 5.08cm stainless steel (S-180 grade, T-304) or vinyl (Hefty garbage bags) coupon materials, allowed to dry on the surface, and incubated for 24 h in a 28 C incubator. For collection, cotton swabs (Copan Environmental Swabs for Anthrax, Diagnostic Lab Supplies, Miramar, FL) were moistened with sterile PBS and used to recover pathogens by wiping coupons vertically, horizontally, and then diagonally, in a sample blind fashion to prevent bias in sample handling. Swab samples were placed in 30 ml of PBS/0.04% Tween 20 and vortexed for 3 min. After the contents settled, the buffer containing suspended bacteria was transferred to a fresh 50 ml conical tube and centrifuged to collect the bacterial pellet. Bacterial samples were homogenized in 1 ml of lysis buffer by beadbeating using zirconia-silica beads, and DNA extracted from the cell lysates using the FastDNA Spin Kit (QBIOgene, Inc., Carlsbad, CA). For sample collection from soil, we spiked 10 6 Bacillus spores into 0.5 g of two test soils (1) potting soil, Hyponex (sandy clay) and (2) fi eld soil collected in Espanola, NM (loamy sand). After 1 h at room temperature, nucleic acids from the soil samples were extracted using the FastDNA Spin Kit for Soil. For each experimental condition, 3 replicate samples were processed to assess reproducibility.
qPCR analysis. Pathogen sample recovery was quantifi ed using Real-time qPCR to assay for intact DNA signatures. qPCR assays were performed in 20 μl reactions containing 1 μl of DNA template and 19 μl of Master Mix {9 μmol L 1 of both forward and reverse primers, 10 μmol L 1 of probe, 300 μmol L 1 dNTPs, 25 mmol L 1 MgCl 2 , 1 reaction buffer, and 0.5 U AmpliTaq Gold Polymerase (Applied Biosystems, Foster City, CA)} (Zhong et al., 2007) . Reaction assays were run on an ABI 7900 HT sequence detection system (Applied Biosystems) using the following conditions: 94 C for 10 m and 40 cycles of 94 C for 15 s and 60 C for 1 min. For B. anthracis, the chromosomal marker gene locus BA_5345 was used to detect pathogen DNA by TaqMan assay: Primer 1: dhp61_183-113F 5 cgt aag gac aat aaa agc cgt tgt 3 , Primer 2: dhp61_183_208R 5 cga tac aga cat tta ttg gga act aca c 3 , and Probe: dhp61_183-143T 6FAM-tgc aat cga tga gct aat gaa caa tga ccc t-MGB (Antwerpen et al., 2008) . B. anthracis DNA standards (10-fold dilutions of DNA from 1 ng to 10 fg) were prepared and analyzed by qPCR in parallel as described above. Comparison of qPCR results to a standard DNA curve of defi ned quantities will incorporate the potential variability in cell lysis and DNA extraction effi ciency of unknown samples that is intrinsic in microbial forensics analysis. The threshold cycle value (C T ) data obtained were analyzed using Kaleidograph V.4 software (Synergy Software, Reading, PA), and DNA quantitation for the experimental samples was extrapolated from the standard curve generated from the standards. For analysis of DNA extracted from soil, it was necessary to dilute the DNA 1 10 in order to obtain meaningful qPCR results, most likely due to the presence of PCR inhibitors in the soil.
B. anthracis contact angle measurements. Contact angles for B. anthracis strains were determined on bacterial lawns collected on 0.45-μm (pore size) cellulose acetate fi lters (Sartorius, Bohemia, NY). Filters were fi rst pre-rinsed with distilled water and lightly suctioned by vacuum fi ltration. Vegetative cells were vacuum-suctioned for 10 min onto the fi lters to create a homogeneous lawn, mounted on glass cover slips, and air-dried in a sealed Petri dish for 60 min. Contact angles (θ) were measured with a goniometer (Model 200, Rame-Hart Instrument Co., Netcong, NJ) by the sessile drop technique using glycerol as the test liquid. Measurements were taken at one to two locations on two to eight different fi lters. Two to three different bacterial culture sample preparations were analyzed.
Mouse macrophage cell viability assay. Cell viability was assayed using the CellTiter-Glo ® luminescent cell viability kit (Promega, Madison, WI) to measure the level of ATP present in viable cells. The manufacturer s instructions were followed with the exception that a half volume of CellTiter-Glo ® Reagent was added instead of a 1 1 mixture. RAW264.7 murine macrophage cells (ATCC, Manassas, VA) were cultured in DMEM supplemented with 10% fetal bovine serum at 37 C and 5% CO 2 . RAW264.7 cells were plated in 96-well plates at a density of 10 4 cells/well, cultured for 30 min, and then incubated with B. anthracis vegetative cells at a multiplicity of infection (MOI) of 1 10 for 0 and 8 h. Luminescence was quantifi ed using a Victor3 multi-parameter plate reader (Perkin-Elmer, Waltham, MA). Relative luminescence was calculated by dividing the luminescence measurements of B. anthracis-infected host cells by the sum of the individual RAW264.7 and B. anthracis controls.
Statistical analysis. All values are expressed as the average mean SD. Differences between groups were analyzed by ANOVA using Tukey s comparison test. A p value 0.05 was considered statistically signifi cant.
Results
Signature extraction of Bacillus strains from non-porous surfaces
We deposited 10 6 Bacillus spores on two non-porous surfaces, hydrophilic steel and hydrophobic vinyl, collected the bacteria with cotton swabs, and performed qPCR from extracted DNA to rank relative signature recovery of the Bacillus strains. We observed that the K7441 strain was recovered with the least effi - Vol. 58 TAYLOR-MCCABE, SHOU, and HONG-GELLER ciency from both surfaces (Table 1) . Of the remaining K strains, K4596 was recovered at relatively high levels from the two surfaces. The Ames strain exhibited the biggest difference between recovery between the two surfaces, ~9 10 fold higher recovery from the steel surface compared to the vinyl, suggesting that Ames may adhere more effi ciently to hydrophobic surfaces. We had observed this discrepancy in sample collection of the Ames strain between hydrophilic and hydrophobic surfaces previously (Hong-Geller et al., 2010) . The other Bacillus strains (e.g., K5135 and K8215) did not exhibit as marked a difference in recovery between the two surfaces.
Signature extraction of Bacillus strains from soil
In addition to non-porous surfaces, we also investigated sample collection and DNA signature extraction of Bacillus strains from soil. We spiked 10 6 spores from each strain into two different soils and extracted DNA for analysis by real-time PCR. In general, there was consistency in DNA signature detection of the Bacillus strains from the two different environmental substrates, non-porous surfaces and soils. Strain K4596, which was recovered at relatively high levels from the nonporous surfaces, also exhibited a markedly higher recovery from both soil types, compared to the other B. anthracis strains (Table 2) . Similarly, K7441 was consistently recovered at relatively low levels from the soil substrates, which parallels our fi ndings of reduced recovery from the non-porous surfaces.
Hydrophobicity measurements of Bacillus strains
To quantify the relative hydrophobicity of the pathogen cell surface, we measured the contact angle of a homogeneous lawn of dried B. anthracis using the sessile drop technique with glycerol as the test liquid. Given that B. anthracis spores and vegetative cells have previously been shown to exhibit comparable levels of hydrophobicity (Thwaite et al., 2009 ) and relatively large quantities of spores would be needed to generate a lawn, we examined lawns of B. anthracis vegetative cells rather than spores as the more operationally feasible option with lower biosafety risk. More hydrophilic bacterial strains exhibit a low contact angle when the test liquid is dropped on the bacterial lawn, signifying rapid dissipation of glycerol into the cell lawn. In contrast, a glycerol droplet on hydrophobic cells will disappear slowly, resulting in a high contact angle.
We observed that K4596, which had exhibited relatively high sample recovery from both the non-porous surfaces and soils, displayed the lowest contact angle of 25 , indicating this strain to be the most hydrophilic out of the B. anthracis strains analyzed (Table 3) . The most hydrophobic strain, K7441, with a contact angle of 37.4 , was poorly recovered from the non-porous surfaces and soils, suggesting that bacterial cell surface hydrophobicity correlates with strong adhesion to environmental substrates, which reduces sample recovery. We obtained good correlation (R=0.846) between contact angle and B. anthracis DNA recovery from the non-porous surfaces (Fig. 1) , indicating strong positive association between these two parameters.
Effect of B. anthracis strains on host cell viability
Although spores are considered to be the predominant form of B. anthracis that initiates host infection, vegetative cells mediate toxic cellular effects following initial infection and can replicate in practically all body tissues to cause septic shock. To determine whether the ability of B. anthracis strains to induce host cell death correlates with sample collection effi ciency, we infected RAW264.7 murine macrophages with vegetative B. anthracis cells from our panel and assessed host cell viability. To the best of our knowledge, the fi ve B. anthracis K strains in our panel have not been previously examined for induction of host cell death during infection. We incubated B. anthracis with 10 4 RAW264.7 cells at an MOI of 10 for 8 h and measured changes in host cell viability by quantifying ATP levels using the Cell Titer Glo assay at the 0 and 8 h timepoints. Only the K4596 and Ames strains exhibited a signifi cant inhibitory effect on host cell viability, with a ~30% and ~25% decrease, respectively, in relative luminescence after 8 h of infection compared to the 0 hour controls. (Fig. 2, p 0. 05) The relative luminescence for K4596 was also signifi cantly reduced compared to that of the other strains, K5135, K8215, K7441, K2762, and Sterne (p 0.05), after 8 h of B. anthracis infection. These results indicate that K4596, which exhibited high sample recovery and hydrophilicity levels, was most effective at inducing host cell death in mouse macrophages using detection of ATP as an indicator of host cell viability.
Discussion
A more comprehensive analysis of how physicochemical and biological factors mediate bacterial cell adhesion can enable design of more effi cient strategies for bioforensics sample collection from non-porous surfaces found in contaminated buildings or from the environment, such as soil. Soil represents a persistent reservoir for pathogens to survive in the environment and spread through groundwater. Anthrax spores can remain dormant in soil for many years, possibly decades, and germinate into active bacteria under appropriate conditions (Fouet and Mock, 2006) . In this study, we examined whether there are correlations between the recovery effi ciency of B. anthracis spores from environmental substrates and both bacterial cell surface hydrophobicity and ability to induce host cell Contact angle measurements using a goniometer of B. anthracis strains (y-axis) are plotted against the sum of DNA extracted from sample collection of the B. anthracis strains from stainless steel and vinyl surfaces (data and standard deviations in Table 1 ). A linear curve fi t of the data yielded R=0.846, indicating a strong positive association. Different B. anthracis strains were used to infect RAW264.7 murine macrophages at a MOI 10 1. At 0 and 8 h after infection, cells were analyzed using the Cell Titer Glo assay to measure ATP levels via luminescence. The relative luminescence of K4596 and Ames at 8 h was signifi cantly decreased compared to their respective 0 h controls (p 0.05, denoted by ). K4596 at 8 h also exhibited a signifi cant decrease in relative luminescence compared to the 8 h measurements from the remaining B. anthracis strains, K2762, K5135, K8215, K7441, and Sterne (p 0.05, denoted by #). These data are an average of three independent experiments.
Vol. 58 TAYLOR-MCCABE, SHOU, and HONG-GELLER death in a mouse macrophage cell model. A subset of the B. anthracis strains particularly informed our results. For example, the most hydrophobic strain, K7441, as determined by contact angle measurements, exhibited a low level of sample recovery from soil and the two non-porous surfaces, steel and vinyl. Conversely, the most hydrophilic strain, K4596, exhibited one of the highest levels of sample recovery from the environmental substrates. These observations align with a model in which hydrophobic bacterial strains are predicted to adhere more strongly to surfaces. This consistency in sample recovery effi ciency between substrates as disparate as soil and non-porous surfaces for K7441 and K4596 suggest that nonspecifi c molecular forces, such as hydrophobicity, play a key role in mediating cell adhesion to environmental substrates.
Adhesion of a wide range of bacterial strains, including Salmonella typhimurium, Streptococcus spp., and Shigella spp., to soil mineral particles such as feldspar and magnetite has been shown to correlate with the hydrophobicity of the cell surface (Stenstrom, 1989) . Furthermore, we had previously demonstrated that recovery of virulent B. anthracis Ames spores and Y. pestis CO92 strain from more hydrophobic vinyl and plastic surfaces was generally lower compared to collection from hydrophilic surfaces, indicating that surface hydrophobicity correlates with the strength of pathogen adhesion and decreased collection effi ciency. The other K strains, K5135, K8215, and K2762, exhibited intermediate or variable levels of sample collection effi ciency, hydrophobicity, and induction of host cell death, and thus interpretation of correlations was less clear. Most likely, these strains are similar in these properties and cannot be easily distinguished from each other.
Initially, we had predicted that if hydrophobic forces play a major role in cell attachment to surfaces, then more hydrophobic bacterial strains may exhibit an enhanced ability to kill the host cell. There are phenomological studies that correlate hydrophobicity of clinical isolates with virulence. For example, pathogenic E. coli that cause pyelonephritis or diarrhea have been found to be hydrophobic (Fletcher et al., 1997; Jacobson et al., 1989) . When enteropathogenic E. coli strains were cured of a virulence plasmid, they became hydrophilic, suggesting that the plasmid encoded a factor that mediated adhesion, virulence, and hydrophobicity. Growth of staphylococcal strains on blood agar results in enhanced hydrophobicity and concomitant strong adhesion, whereas growth conditions that increase capsule formation reduce hydrophobicity and adhesion (Mamo et al., 1987) .
The hydrophobicity of vegetative B. anthracis cells has been previously correlated with adherence to mammalian cell lines (Thwaite et al., 2009) . In our study, we examined host cell viability in response to B. anthracis exposure as a means to assess a functional endpoint of infection. We found that host infection with the most hydrophilic strain, K4596, induced a higher loss of cell viability in mouse macrophages, at a similar level to the pathogenic Ames strain. We also note that the Ames strain was the second most hydrophilic strain next to K4596. Infection with the most hydrophobic strain, K7441, induced lower levels of host cytotoxicity, comparable to the avirulent Sterne strain and the remaining three K strains, indicating that for these B. anthracis strains, relative hydrophobicity did not correlate with induction of host cell death. Although previous studies have linked bacterial hydrophobicity with host cell adherence and subsequent infection (Doyle, 2000) , other physico-chemical and biological adhesive factors will contribute to bacterial infection of target host cells. For example, in clinical isolates of Campylobacter jejuni, strains with a high negative surface charge but weak hydrophobicity adhered better to human intestinal HT-29 cells and tended to form more aggregates, suggesting that surface charge may be another adhesive physico-chemical factor (Walan and Kihlstrom, 1988) . Host cell viability and immune response to B. anthracis infection are complex processes that are dependent on multiple biological variables, including susceptibility to B. anthracis toxins and expression of cell surface receptors. For example, B. anthracis cells express the BslA adhesin that is required for attachment to host cells (Kern and Schneewind, 2008) . Compared with the virulent Ames strain, bslA mutants exhibited a marked increase in LD50 and reduced bacterial load in an anthrax guinea pig model, indicating that BslA functions as a surface adhesin for B. anthracis (Kern and Schneewind, 2010) .
Collectively, our studies describe correlation between B. anthracis cell surface hydrophobicity and reduced sample recovery from environmental surfaces. Surprisingly, the most hydrophilic of the K strains, K4596, induced a high level of host cell cytotoxicity, suggesting that cell surface hydrophobicity does not necessarily correlate with induction of host cell death. Future research will be directed at analysis of addition-al B. anthracis strains, further time course assays, and study of the physico-chemical forces and biomolecular interactions (e.g., surface charge and receptors) that mediate differential attachment to surfaces and induction of host cell death.
